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This study used a checkerboard-masking paradigm to investigate the development of the speech
reception threshold (SRT) for monosyllabic words in synchronously and asynchronously modulated
noise. In asynchronous modulation, masker frequencies below 1300 Hz were gated off when fre-
quencies above 1300 Hz were gated on, and vice versa. The goals of the study were to examine de-
velopment of the ability to use asynchronous spectro-temporal cues for speech recognition and to
assess factors related to speech frequency region and audible speech bandwidth. A speech-shaped
noise masker was steady or was modulated synchronously or asynchronously across frequency.
Target words were presented to 5–7 year old children or to adults. Overall, children showed higher
SRTs and smaller masking release than adults. Consideration of the present results along with pre-
vious findings supports the idea that children can have particularly poor masked SRTs when the
speech and masker spectra differ substantially, and that this may arise due to children requiring a
wider speech bandwidth than adults for speech recognition. The results were also consistent with
the idea that children are relatively poor in integrating speech cues when the frequency regions
with the best signal-to-noise ratios vary across frequency as a function of time.
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I. INTRODUCTION
Many studies have demonstrated that speech recognition
is generally better in a temporally modulated masking noise
than in steady noise (e.g., Miller and Licklider, 1950;
Gustafsson and Arlinger, 1994). Recent investigations have
indicated that the speech recognition advantage in modulated
noise is smaller in school-age children than in adults (Hall
et al., 2012; Hall et al., 2014). One interpretation of this find-
ing is that children may have more difficulty than adults in
correctly identifying speech on the basis of fragments or
“glimpses” that are available in the envelope minima of
modulated masking noises (e.g., Miller and Licklider, 1950;
Howard-Jones and Rosen, 1993; Assmann and Summerfield,
2004; Buss et al., 2004; Cooke, 2006; Hall et al., 2008).
A study by Hall et al. (2014) examined developmental
effects for monosyllable words when the masker envelope
minima were synchronous versus asynchronous across fre-
quency, using the checkerboard masking paradigm intro-
duced by Howard-Jones and Rosen (1993). A strength of this
paradigm is that the asynchronous modulation condition pro-
vides information about the ability of a listener to integrate
speech cues when the frequency regions with the best signal-
to-noise ratios (SNRs) vary across frequency as a function of
time, a situation that occurs in many natural environments.
The baseline for all measures of masking release was the
speech reception threshold (SRT) in steady noise.
Synchronous modulation was achieved by gating a noise
masker on and off using a quasi-square wave envelope, with
5-ms ramps smoothing onset and offset, and a frequency of
10 Hz. In asynchronous modulation, the masker spectrum
was divided into a low band (low-pass filtered at 1300 Hz)
and a high band (high-pass filtered at 1300 Hz), and these
two bands were modulated out of phase with respect to each
other. The filter roll-off was 36-dB/oct. In this condition, the
listener had an opportunity to base speech recognition on
asynchronous speech cues, occurring in modulation minima
of the alternating low and high spectral regions. Two control
conditions were also tested in order to determine whether the
listener might simply use only the low-frequency region or
only the high-frequency region for speech recognition in the
asynchronous condition. In the control conditions, the low-
pass masker was on continuously and the high-pass masker
was gated on and off, or the high-pass masker was on contin-
uously and the low-pass masker was gated on and off. The
results from the main conditions indicated that children 5–10
years of age achieved less masking release than the adults in
the synchronous masking condition, but approximately the
same masking release as adults in the asynchronous masking
condition.
Although synchronous and asynchronous masking
results were the main focus in the Hall et al. (2014) study,
interesting developmental differences also occurred in the
control conditions. Here, the adults and children achieved
about the same masking release when the high band was
modulated and the low band was steady, but adults showed
much greater masking release than the children when the
low band was modulated and the high band was steady. Two
explanations were considered for the poor performance of
the children in the condition where the low band wasa)Electronic mail: jwh@med.unc.edu
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modulated. One was that, in comparison to adults, the chil-
dren weighted the speech information below 1300 Hz less
than the information above 1300 Hz. There has been previ-
ous conjecture that children may give preferential weight to
higher frequency speech regions (McCreery and
Stelmachowicz, 2011), and there is more general evidence
that the weighting of different speech cues changes during
development (e.g., Nittrouer, 1996). The second explanation
concerned the spectra of the masking noise and the speech
used in the study. The masker was pink noise, the same
masker used in previous checkerboard masking studies
(Howard-Jones and Rosen, 1993; Ozmeral et al., 2012). The
spectrum of pink noises rolls off at 3 dB/octave, a shallower
function than for the speech stimuli, which rolled off at
approximately 10 dB/octave above approximately 1000 Hz
(see Fig. 1). Hall et al. (2014) speculated that the adults may
have been able to perform well in the control condition
where only the low band was modulated by using only rela-
tively low-frequency speech cues, but that the children may
have required additional, higher-frequency cues, which
would have necessitated increased signal levels. The rela-
tionship between speech level and audible bandwidth in that
study was affected by the spectral mismatch between the tar-
get words and masking noise. Because the pink noise rolled
off more gradually as a function of frequency than the target
words, as SNR increased, the low-frequency regions became
audible before higher-frequency regions. Audible bandwidth
was also dependent on signal level when the bands were fil-
tered and modulated, due to the 36-dB/oct filter roll-off. For
example, when the low band was modulated, energy from
the unmodulated high band was present in the low-frequency
region, particularly near the filter cutoff. The spectral shapes
of the speech and masker used in the Hall et al. (2014) study
are shown in the lower panel of Fig. 1. The idea that the chil-
dren may have required a broader frequency range than
adults to recognize speech is consistent with previous
research (Eisenberg et al., 2000; Mlot et al., 2010).
One goal of the present study was to bring better under-
standing to the question of whether children are poor with
respect to adults when speech cues are relatively low in fre-
quency, or whether developmental differences arise because
children require a larger speech bandwidth to achieve the
same level of performance. In this study, we again employed
the checkerboard-masking paradigm, but with the important
difference that the masker had the same spectral shape as the
target speech. If children are relatively poor in processing
the low-frequency cues of the speech stimuli, the pattern of
results in the checkerboard-masking paradigm should be
similar to that previously obtained in Hall et al. (2014).
However, if the results of Hall et al. were driven by factors
related to audible bandwidth, we would expect the develop-
mental difference between the two control conditions of the
checkerboard-masking paradigm to be reduced or elimi-
nated. We would also expect the baseline condition results
(the SRT in steady noise) to show a smaller developmental
difference than the 6-dB difference found in Hall et al.
(2014) for children 5–7 years of age. This is because, with
pink noise, the higher frequency components of the speech
would be less audible than lower frequency components. If
children are less able than adults to achieve threshold on the
basis of restricted signal bandwidths associated with rela-
tively low-frequency speech in pink noise, they may show
less disadvantage in speech-shaped noise where the speech
signal should be more consistently audible over a wider
range of frequencies.
A second goal of this study was to examine develop-
ment of the ability to integrate speech cues when the fre-
quency regions with the best SNRs vary as a function of
time. Hall et al. (2012) investigated speech recognition in a
speech-shaped noise that was both temporally and spectrally
modulated. The spectral modulation was imposed via
notches placed in several frequency regions of the noise
masker. In this condition, listeners had access to the whole
spectrum of speech during temporal minima but only parts
of the spectrum during temporal envelope maxima. Children
4.6 to 6.9 years of age performed more poorly than adults in
this condition. It was noted that one possible interpretation
of this result is that the ability to process fragments of the
speech stimulus that are distributed across both time and fre-
quency is relatively poor in young children. The pink-noise
checkerboard masking results of Hall et al. (2014) did not
show an apparent deficit in the ability of children to integrate
asynchronous speech cues. A goal of the present study was
to examine this question further using a speech-shaped noise
masker.
II. METHODS
A. Subjects
Eight children 5–7 years of age and eight adults were
tested. The mean ages for the two groups were 6.0 and 27.2
years, respectively. Listeners had audiometric thresholds that
were 20 dB hearing level (ANSI, 2010) or better for octave
frequencies from 250 to 8,000 Hz. Adults and children had
FIG. 1. The top panel shows the spectrum of the target words. Also shown
is the spectrum of the speech-shaped noise (ssn) masker along with the filter
shape for the low-pass and high-pass skirts associated with the asynchronous
modulation condition and the two control conditions. The bottom panel
again shows the spectrum of the target words and additionally shows the
pink noise masker spectrum used in Hall et al. (2014) for comparison.
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similar audiograms, with the largest difference between
groups being 3.9 dB at 250 Hz. The listeners had no history
of otitis media within the previous three years.
B. Stimuli
The speech target stimuli, monosyllabic words spoken
by a female talker, were adapted from the Word
Intelligibility by Picture Identification, or WIPI, test (Ross
and Lerman, 1970). Each presentation of a target word was
preceded by the words “show me,” spoken by the same
female talker. The total duration of the carrier phrase plus
target word ranged from 0.98 to 1.65 s, with a mean of
1.18 s. For each trial, the listener’s task was to select a pic-
ture corresponding to the target word among three foil pic-
tures in a 2 2 matrix displayed on a video monitor. A
challenging aspect of this test is that the foils correspond to
words that are phonetically similar to the target word, with
the task usually depending upon cues related to the initial or
final consonants. In all, there were 100 target words con-
tained in 25 sets of four words.
In contrast to previous checkerboard masking studies,
the masker was a speech-shaped noise whose spectral shape
was derived from the 100 WIPI target words. The masking
noise had a level of 68 dB sound pressure level (SPL) before
amplitude modulation and filtering were applied. There were
three main masking noise conditions: a steady masker; a
masker that was synchronously modulated; and a masker
that was asynchronously modulated, with the noise above
1300 Hz modulated out of phase with the noise below
1300 Hz. There were also two control conditions: a masker
where the noise below 1300 Hz was modulated and the noise
above 1300 Hz was steady; and a masker where the noise
below 1300 Hz was steady and the noise above 1300 Hz was
modulated. Noise filtering was accomplished by converting
the stimulus into the frequency domain, reducing component
magnitudes to zero outside the passband, and converting the
stimulus back into the time domain. The abrupt filter skirts
were intended to maximize the SNR associated with the
band-stop regions. The spectral shapes of the speech and
noise used in this study are shown in the top panel of Fig. 1.
Modulation, when present, had a frequency of 10 Hz. This
modulation rate was chosen in part because it gives rise to a
reliable masking release for adults in all of the checkerboard
masking conditions, and is therefore appropriate for the
investigation of possible developmental differences in mask-
ing release. The modulation had a 50% duty cycle and rapid,
5-ms raised cosine transitions. Masker presentations were 2 s
in duration, with the target word temporally centered in the
masker.
After Howard-Jones and Rosen (1993), a measure of
asynchronous glimpsing was also derived by subtracting the
SRT in the asynchronous masking condition from the SRT
in the better of the two control conditions.
C. Procedure
Listeners sat in a double-walled sound booth, and SRTs
were measured using a four-alternative, forced-choice,
adaptive procedure. On each trial, the listener was presented
with a randomly selected target word, presented to the right
ear via a Sennheiser HD 265 earphone. After the word was
presented, four pictures were presented on a video monitor
and the listener touched the one corresponding to the per-
ceived sound. All listeners were instructed to guess when
unsure. Each correct response resulted in a decrease in signal
level and each incorrect response resulted in an increase in
signal level. The level adjustments were 4 dB prior to the
second track reversal and 2 dB thereafter. After ten reversals
in tracking direction, threshold was estimated as the average
of the final eight reversals. Thresholds were blocked by con-
dition with an order that was selected pseudo-randomly for
each listener.
III. RESULTS
SRTs for the conditions run in this experiment are
shown in Table I, and the derived masking release values are
shown in Fig. 2. The reference for all values of masking
release was the SRT in steady noise.
A. Steady noise reference condition
A t-test was performed to determine whether the adults
and children differed for the steady noise condition, with
effect size reported as Cohen’s d. Children had significantly
poorer thresholds than adults (t¼ 5.1; df¼ 14; p< 0.001;
d¼ 2.55). The magnitude of the developmental effect was
2.9 dB.
B. Masking release conditions
A repeated measures analysis of variance (RMANOVA)
was performed on the masking release values in the two
main experimental conditions, synchronously and asynchro-
nously modulated masking noise. Effect size is reported as
partial eta squared (g2). The RMANOVA showed a signifi-
cant effect of condition (F1,14¼ 60.71,14; p< 0.001;
g2¼ 0.83), with the synchronous modulation showing larger
masking release. The adults showed greater masking release
than the children (F1,14¼ 59.42; p< 0.001; g2¼ 0.81). The
interaction between condition and group was not significant
(F1,14¼ 1.65; p¼ 0.220; g2¼ 0.10). The average masking
release in synchronously modulated noise was 21.3 dB for
the adults and 12.9 dB for the children. The average masking
release in asynchronously modulated noise was 15.2 for the
adults and 8.6 dB for the children.
TABLE I. SRTs (dB SPL) for the five conditions in the main experiment.
The standard error of the mean appears in parentheses below each mean.
Thresholds are shown for the steady noise, synchronously modulated noise
(sync AM), asynchronously modulated noise (async AM), modulation of
only the low band (low AM only), and modulation of only the high band
(high AM only).
Steady Sync Async Low AM High AM
Group noise AM AM only only
Children 71.0 58.1 62.4 66.5 67.3
(0.4) (0.9) (0.8) (0.4) (0.5)
Adults 68.1 46.8 52.9 60.0 62.1
(0.4) (1.1) (1.1) (1.3) (1.0)
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A RMANOVA was also carried out on masking release
in the two control conditions, where either the low band was
steady and the high band was modulated, or the low band
was modulated and the high band was steady. This analysis
did not show a significant effect of condition (F1,14¼ 3.87;
p¼ 0.069; g2¼ 0.22). However, the effect of group was sig-
nificant, with adults showing larger masking release than
children (F1,14¼ 18.70; p¼ 0.001; g2¼ 0.57). The interac-
tion between condition and group was not significant
(F1,14¼ 0.77; p¼ 0.400; g2¼ 0.05). The average masking
release with the low band modulated was 8.1 dB for the
adults and 4.5 dB for the children. The average masking
release with the high band modulated noise was 6.0 dB for
the adults and 3.7 dB for the children.
A t-test was performed to determine whether the magni-
tude of asynchronous glimpsing differed between the two
groups. Asynchronous glimpsing was defined as the differ-
ence between the threshold in the asynchronous modulation
condition and the threshold in the better of the two control
conditions. Note that using the better of the two control condi-
tions is a conservative measure of asynchronous glimpsing, as
it introduces a statistical bias in the direction of underestimat-
ing asynchronous glimpsing. The t-test (t¼ 2.52; df¼ 14;
p¼ 0.025; d¼ 1.26) indicated that the magnitude of asynchro-
nous glimpsing was larger in adults (6.4 dB) than in the chil-
dren (3.8 dB).
IV. DISCUSSION
A. Issues related to speech bandwidth and speech
frequency region
Results from the checkerboard masking study of Hall
et al. (2014) indicated that children performed more poorly
than adults when low-frequency speech cues were preferen-
tially available, but performed more similarly to adults when
high-frequency speech cues were preferentially available.
One purpose of the present study was to examine whether
such effects were likely to be due to developmental differen-
ces in the ability to process speech information from
different frequency regions, or were instead driven by speech
bandwidth effects that occurred because the spectral roll-off
of the masking noise was shallower than that of the speech
signal. It has been previously shown that children require a
wider speech bandwidth than adults to obtain comparable
speech identification performance (Eisenberg et al., 2000;
Mlot et al., 2010).
The present results provide clear indications that some
developmental differences found by Hall et al. (2014) in the
checkerboard masking paradigm were likely to have arisen
due to spectral differences between the speech and masker
rather than to a developmental effect related to frequency-
specific speech cues. One indication of this can be seen in
the results of the control conditions. In the previous study,
the adults showed similar performance for the two control
conditions. In contrast, children’s thresholds were higher
when just the low band was modulated than when just the
high band was modulated. The average SRTs for the two
control conditions differed by 6.1 dB for the 5- to 7-year-old
children but by only 0.2 dB for the adults. One explanation
for the previous finding that children had a much higher SRT
than the adults in the condition where the lower masker fre-
quencies were modulated is based on the spectral slopes of
the filtered noise and the fact that the higher frequencies of
the speech signal fell off more steeply than the higher fre-
quencies of the pink noise masker. In order to provide the
children with sufficient speech bandwidth to attain threshold,
the speech level would need to be increased to bring the
higher speech frequencies into audibility. This explanation is
consistent with the present findings in the control conditions.
Specifically, for the present stimuli where the signal and
masker were spectrally matched, the children showed much
more similar performance in the two control conditions
(66.5 dB SPL for the low band modulated and 67.3 dB SPL
for the high band modulated). The present findings are con-
sistent with an explanation in terms of the children requiring
a larger speech bandwidth than adults, but do not support an
interpretation that the children were specifically poor in
processing lower-frequency speech information.
Further support for a developmental effect in terms of
speech bandwidth is evident in the results of the baseline,
steady noise condition. In Hall et al. (2014), where the high-
frequency roll-off was steeper for the speech than for the
pink noise masker, the SRT for the children was approxi-
mately 6 dB higher than for the adults. This large difference
could be due to the fact that the children required a relatively
great increase in signal level in order bring the higher fre-
quencies to a level that could contribute to the total audible
speech bandwidth. In support of this interpretation, the
results of the present study, where the speech and masker
had the same spectral shape, the SRT of the children was
only about 3 dB higher than for the adults.
One conclusion that can be drawn in comparing the
present work to the previous study of Hall et al. (2014) is
that developmental differences in masked speech perception
can be quite different, depending upon the relative spectra of
the speech and masker stimuli. Furthermore, these differen-
ces may arise from the fact that children require a larger
speech bandwidth than adults to achieve a comparable level
FIG. 2. Box plots showing masking release (dB) for conditions where the
masker was synchronously modulated, asynchronously modulated, modu-
lated below 1300 Hz and steady above 1300 Hz, and steady below 1300 Hz
and modulated above 1300 Hz. Data are shown for both the adults (gray)
and children (white). Horizontal lines indicate the median, boxes indicate
the 25th-to-75th percentile range, and circles indicate the individual data.
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of performance (Eisenberg et al., 2000; Mlot et al., 2010).
This larger bandwidth requirement possibly reflects a more
general need for greater redundancy in the speech signal on
the part of children. In line with this, there are indications in
the present and previous studies (e.g., Hall et al., 2012) that
normal-hearing children can show less benefit than adults
from synchronous temporal modulation of the masker, a
manipulation that improves audibility of temporally sparse
segments of the speech signal. As children’s linguistic expe-
rience increases, tolerance for reduced speech redundancy
likely also increases (e.g., Eisenberg et al., 2000; McCreery
and Stelmachowicz, 2011; Mlot et al., 2010; Stelmachowicz
et al., 2004).
A general expectation arising from developmental
speech bandwidth considerations is that developmental dif-
ferences will be accentuated when the masker and speech
spectra differ from each other. This is because in such cases
the audible bandwidth broadens with increases in the SNR.
In cases where the noise spectrum differs between the speech
and the masker, the adults can be expected to take good
advantage of parts of the speech spectrum that rise to audi-
bility, but, because children require greater bandwidth, they
will require additional signal level to bring that extra band-
width into audibility. Although many developmental studies
of masked speech recognition use masking noise that is fil-
tered to have the same spectral shape as the test speech mate-
rial it is not uncommon for the masker to have a different
spectral shape (Stuart et al., 2006; Gustafson and Pittman,
2011; Nittrouer et al., 2013; Hall et al., 2014).
B. Masking release
Another issue of interest in comparing the present
results to those of Hall et al. (2014), where a pink noise
masker was used, is the magnitude of the masking release
for synchronous masking. Typically, experimental features
that result in high SNR in the steady noise baseline condition
are associated with relatively small masking release in the
synchronous modulation condition. Such experimental fea-
tures include listener group type, such as normal hearing vs
hearing impairment (e.g., Wilson and Carhart, 1969; Festen
and Plomp, 1990; Takahashi and Bacon, 1992; Eisenberg
et al., 1995; Peters et al., 1998; George et al., 2006), or stim-
ulus characteristics such as unfiltered or filtered speech pre-
sented to normal-hearing listeners (Oxenham and Simonson,
2009). This association between a high SRT in steady noise
and low magnitude of masking release is not followed uni-
formly when comparing our previous results for a pink noise
masker (Hall et al., 2014) to the current results for a speech-
shaped masker. In the pink noise study, the children had a
baseline SRT 6 dB higher than for the adults and a masking
release that was 4.8 dB lower than for the adults (15.3 dB for
children and 20.1 dB for adults). In the present speech-
shaped noise study, the children had a baseline SRT that was
only 3 dB higher than for the adults and a masking release
that was 8.8 dB lower than for the adults (12.9 dB for chil-
dren and 21.3 dB for adults). Thus the children showed more
adult-like masking release magnitude in the pink noise,
where their baseline, steady noise SRT was relatively high.
This might suggest that the stimulus features causing the
poor baseline threshold for children in pink noise had a less
deleterious effect in the modulated noise condition. This
could occur because the pink noise baseline condition is par-
ticularly difficult for children due to their requirement of a
relatively large speech bandwidth at threshold.
C. Asynchronous glimpsing
In the present study, asynchronous glimpsing (the differ-
ence between the better of the two control condition SRTs
and the SRT for the asynchronous modulation condition)
was significantly greater for the adults (6.4 dB) than for the
children (3.8 dB). This is in contrast to our previous study
(Hall et al., 2014), where the children and adults did not dif-
fer significantly in asynchronous glimpsing. This prompted
us to re-examine some aspects of our previous data. In the
previous dataset, the better of the two control conditions was
the same for every child: SRTs for children were uniformly
lower when just the high band was modulated than when just
the low band was modulated. In contrast, the adults were
closely divided in terms of the control condition associated
with the better SRT. Since adults’ thresholds were very
similar in the two control conditions, the differences were
likely dominated by measurement variability. Under these
conditions, selecting the better of the two SRTs on an indi-
vidual-by-individual basis would tend to underestimate true
performance in the control condition, which would in turn
underestimate asynchronous glimpsing in adults. This would
tend to reduce the power in examining the possibility of
superior asynchronous glimpsing for the adults. We per-
formed a reanalysis of the data from Hall et al. (2014), using
the condition where the high band was modulated not only
as the control condition for the children, but also for the
adults. This resulted in a significant difference in asynchro-
nous glimpsing (t¼ 2.4; df¼ 18; p¼ 0.027; d¼ 1.14), with
adults showing asynchronous glimpsing of 5.8 dB versus
3.5 dB for children, similar to the present study. As expected,
the adults showed a similar magnitude of asynchronous
glimpsing (5.9 dB) when the low band modulated condition
was used as the control. Overall, these analyses are consist-
ent with the idea that the developmental effects on asynchro-
nous glimpsing were similar in the present dataset and the
published study of Hall et al. (2014).
Another previous study (Hall et al., 2012) used an
entirely different method to explore auditory development of
the ability to benefit from speech cues in the context of a
spectro-temporally modulated masker. That study used a
paradigm introduced by Peters et al. (1998) where a noise
masker was either steady, spectrally modulated, temporally
modulated at 10 Hz, or both temporally and spectrally modu-
lated. Children were particularly poor in the condition where
both spectral and temporal modulations were applied to the
noise. For this noise, the listeners had access to the entire
spectrum of the speech during temporal envelope minima,
and had access to frequency-separated regions associated
with masker spectral minima during the temporal envelope
maxima. One conclusion of that study was that children
might experience difficulty in integrating speech cues when
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the frequency regions with the best SNRs vary across fre-
quency as a function of time. The present results on asyn-
chronous glimpsing are consistent with this idea.
V. CONCLUSIONS
Consideration of the present results, along with the
results of Hall et al. (2014), supports the following conclu-
sions regarding differences between children 5–7 years of
age and adults.
(1) Age effects in masked speech recognition depend on the
spectral match between the speech signal and noise
masker, presumably due to greater requirements with
respect to audible bandwidth in younger listeners.
(2) When the masker is a speech-shaped noise, the fre-
quency region associated with masker modulation has a
comparable effect on performance of children and
adults.
(3) Children are less able than adults to benefit from masker
modulation whether that modulation is synchronous or
asynchronous across frequency.
(4) The present study found that children demonstrated
smaller asynchronous glimpsing than adults. This limit
in the ability to integrate speech cues that differ in spec-
tral location as a function of time is consistent with pre-
vious results using a different paradigm where masking
noise was both temporally and spectrally modulated
(Hall et al., 2012).
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